Many visual attributes of a target stimulus are computed according to dynamic, non-retinotopic reference frames. For example, the motion trajectory of a reflector on a bicycle wheel is perceived as orbital, even though it is in fact cycloidal in retinal, as well as spatial coordinates. We cannot perceive the cycloidal motion because the linear motion of the bike is discounted for. In other words, the linear motion common to all bicycle components serves as a non-retinotopic reference frame, with respect to which the residual (orbital) motion of the reflector is computed. Very little is known about the underlying mechanisms involved in formation and operation of non-retinotopic reference frames. Here, we investigate spatial properties of non-retinotopic reference frames. We show that reference frames are not restricted within the boundaries of moving stimuli but extend over space. By using a variation of the TernusPikler paradigm, we show that the spatial extent of a non-retinotopic reference frame is independent of the size of the inducing elements and the target position near the object boundary. While dynamic reference-frames interact with each other significantly, a static reference-frame has no effect on a dynamic one. The magnitude of interactions between two neighboring dynamic reference-frames increases as the distance between them reduces. Finally, our results indicate that the reference-frame strength is significantly attenuated if the locus of attention is shifted to the elements of the neighboring reference instead of the main reference. We suggest that these results can be conceptualized as reference frames that act and interact as fields.
1. Introduction
Retinotopic organization and non-retinotopic processes
The optics of the eye map neighboring points in the environment to neighboring retinal photoreceptors, and these neighborhood relations, known as retinotopic organization, are preserved in early visual cortical areas. Under normal viewing conditions, due to object and observer movements, the stimuli impinging on the retinotopic representations are highly dynamic and unstable. Thus, understanding ecological vision requires an understanding of how visual processes operate under dynamic conditions. Retinotopic theories are not sufficient to explain how clarity of form is achieved in a dynamic environment (Ogmen & Herzog, 2010) . Non-retinotopic theories provide an alternative view. Indeed, under dynamic conditions, visual attributes such as form (Ogmen, Otto, & Herzog, 2006) , luminance (Shimozaki, Eckstein, & Thomas, 1999) , color (Cavanagh, Holcombe, & Chou, 2008; Nishida et al., 2007) , size (Kawabe, 2008) , and motion (Boi et al., 2009; Cavanagh, Holcombe, & Chou, 2008) are computed according to non-retinotopic reference frames. In the present study, we examine the nature and spatial extent of these non-retinotopic reference frames.
Experimental paradigms for exploring retinotopic vs. nonretinotopic processing
Saccadic Stimulus Presentation Paradigm (SSPP) has been the classical experimental technique to pit retinotopic against non-retinotopic processes (Davidson, Fox, & Dick, 1973; Irwin, 1991; Knapen, Rolfs, & Cavanagh, 2009; McRae, Butler, & Popiel, 1987; Melcher & Colby, 2008; Melcher & Morrone, 2003) . In a typical SSPP experiment, two spatially overlapping but temporally separated stimuli are presented to the observers immediately before and after a saccade. Since the respective stimulated retinal regions for the two stimuli are distinct due to the saccadic eye movement, retinotopic processing theories predict no interaction between the respective percepts. Spatiotopic processing theories, on the other hand, predict significant interactions as both stimuli share the same region in space. SSPP provides a powerful method for exploring non-retinotopic processing across saccades. However, this paradigm involves eye-movement related processes, such as saccadic suppression and efference copy, and cannot be employed to study non-retinotopic reference frames independent of eye movements.
The Reviewing Paradigm (Kahneman, Treisman, & Gibbs, 1992 ) is also used to study non-retinotopic processes. This paradigm consists of three successive displays, namely preview field, linking display, and target field. The preview field contains two stationary shapes (a square and a triangle) and two letters displayed within those shapes. During the linking display, the letters disappear while the square and the triangle smoothly move to a different retinotopic location. The target field contains those two shapes, stationary at their final positions, and only one letter displayed within one of the two shapes. The task of the observer is to name the letter shown in the target field as quickly as possible. With this paradigm, one can examine, for example, whether the letters shown in the preview field can modulate responses to letters shown in other retinotopic locations. Kahneman, Treisman, and Gibbs (1992) reported a preview advantage and interpreted this finding as an object-specific integration of information across different retinotopic locations.
An alternative method for exploring non-retinotopic processing is the Ternus-Pikler paradigm, a bistable apparent motion display introduced by Gestalt psychologists about a century ago (Petersik & Rice, 2006; Pikler, 1917; Ternus, 1926) . As we discuss in the next section, this paradigm has the advantage of pitting retinotopic and non-retinotopic processes against each other directly. It also provides strong control conditions that can be used to rule out any potential retinotopic artefacts.
2. Exploring non-retinotopic processing using the TernusPikler paradigm
Non-retinotopic feature processing
We have modified the Ternus-Pikler paradigm to study non-retinotopic bases of various visual processes (Aydin, Herzog, & Ogmen, 2011a; Boi, Ogmen, & Herzog, 2011a Boi et al., 2009; Noory, Herzog, & Ogmen, 2015; Ogmen, Otto, & Herzog, 2006; Otto, Ogmen, & Herzog, 2008; Scharnowski et al., 2007) . Fig. 1 shows the application of the Ternus-Pikler paradigm to study motion processing (Boi et al., 2009 ). This Ternus-Pikler display includes four frames, each of which contains three disks, separated by ISIs.
Depending upon the ISI, two types of motion are perceived between the Ternus-Pikler disks (Pantle & Picciano, 1976) . For long ISIs (e.g., 210 ms) observers perceive the disks to be moving as a group (Fig. 1A : group motion). For short ISIs (e.g., 0 ms) observers perceive the leftmost disk in the first/third frame to be moving to the position of the rightmost disk in the second/fourth frame and vice versa (Fig. 1B: element motion) . In the case of element motion, no motion is perceived for the other two disks. Finally, in the no-motion control condition (Fig. 1C : no motion condition), removing the leftmost and the rightmost reference disks in the Ternus-Pikler display frames eliminates perception of both group and element motion, regardless of the ISI. The percept in this case is that of two static or flickering disks. The black dots, depicted inside the Ternus-Pikler disks in Fig. 1 , are the probe stimuli for exploring motion perception. A retinotopic hypothesis predicts that the retinotopic proximity will dictate the perceived motion of the dots. Since the retinotopic proximity of subsequently presented dots in the middle disks follows the pattern shown by the arrows in Fig. 1B and C, a purely retinotopic hypothesis predicts perception of up-down and left-right dot motion, regardless of the ISI value. Non-retinotopic hypotheses, however, predict that the perceived dot-motion depends on the perceived motion of the Ternus-Pikler disks. More specifically, the motion of the dots should be computed according to their proximity in a reference frame that moves according to the perceived motion of the Ternus-Pikler disks. In other words, the reference frame should move according to the dashed arrows in Fig. 1A and B. When the Ternus-Pikler disks are perceived to be in element motion (Fig. 1B) , the non-retinotopic prediction is the same as the retinotopic prediction (perception of up-down and left-right dot motion). However, when group motion is established between the TernusPikler disks (Fig. 1A) , the non-retinotopic prediction for dot motion will be that of a rotation. In other words, non-retinotopic motion grouping based hypothesis predicts that group motion of TernusPikler disks will serve as a non-retinotopic reference leading to the perception of dot rotation in group motion condition. Boi et al.'s results supported the predictions of non-retinotopic reference frame hypothesis.
As another example of how Ternus-Pikler display can be used to probe visual processes, let us consider visual search, in which a target is to be searched among several distractors. Employing the Ternus-Pikler paradigm, Boi et al. (2009) instructed their subjects to visually search for a horizontal green bar among red and green vertical bars (Boi et al., 2009 ). Orientation and color maps are generally assumed to be retinotopic (e.g., Huang & Pashler, 2007; Treisman & Gelade, 1980; Palmer, 1999, p. 532) . The conjunction search task defined by both orientation and color, however, was shown to operate in non-retinotopic reference frames, as subject performance modulated with perceived motion (element or group) of the Ternus-Pikler disks (Fig. 2) .
Rationale of the study
To the best of our knowledge, in all prior studies exploring non-retinotopic visual processing, the targets appeared inside the boundaries of the elements generating their respective non-retinotopic reference frames. However, under normal ecological vision, conditions such as occlusions, similarities between foreground and background luminance and texture dictate that not all targets are seen within the boundaries of a given object. In fact, spatio-temporal grouping, i.e., Gestalt formation, can occur without connectedness and enclosure. Hence, visual attributes such as enclosure and connectedness seem to be insufficient for defining the spatial extent of non-retinotopic reference frames in human vision. In physics, the concept of field is used to characterize non-local interactions without direct physical contact. Gestalt psychologists adopted the same concept to explain non-local interactions in perception.
A powerful demonstration of this concept is the biological motion paradigm introduced by Johansson (Johansson, 1973) . The light points placed on an invisible walker appear all disconnected, but their perceived motion is organized according to a reference frame that tracks the global motion of the walker. We can also easily demonstrate this effect by modifying the visual search paradigm discussed in Section 2.1. As shown by demos (Video-1, Video-2, and Video-3), the non-retinotopic reference frame induced by the moving disks can influence the perception of targets outside their luminance-defined boundaries.
The goal of this study was to test whether the reference frame is ''object-based'', i.e., limited within the confines of a reference object, or it extends over space outside the ''object''. Our results showed that the reference frame extends beyond the boundaries of the reference object and is independent of the size of inducing objects. We then studied how multiple reference-frames interact over space.
General methods and materials
All visual stimuli were generated via a Visual Stimulus Generator (VSG 2/5) card manufactured by Cambridge Research Systems. The stimuli were displayed on a 22 in. color monitor set at a resolution of 800 Â 600 with a refresh rate of 100 Hz. Subject responses were collected by means of a joystick connected to the computer hosting the VSG card. The distance between the observer and the monitor was fixed at 1 m, and a head/chin rest was utilized to minimize subject head motion during the experiments. Observers were asked to maintain a stable gaze fixated at the center of the monitor and attend to the motion of the dots presented near the central disks of the Ternus-Pikler display. Although we did not monitor eye movements in the present study, our previous experiments showed that observers are able to keep a stable fixation while viewing the Ternus-Pikler displays (Boi, Ogmen, & Herzog, 2011a .
All experiments were conducted in a dimly lit room. Background luminance for all experiments was set at 28 cd/m 2 , and the dot and disk luminance levels were fixed at 0 and 56 cd/m 2 respectively. Frame duration for all Ternus-Pikler displays was fixed at 90 ms. ISI was chosen to be 0 and 210 ms for element and group motion conditions respectively. Seven participants ranging from 22 to 39 years of age, of which six were naïve to the purpose of the study, took part in the experiments. The experiments were conducted according to a protocol approved by the University of Houston Committee for the Protection of Human Subjects and were in accordance with the federal regulations, the ethical principles established by the Belmont Report and the principles expressed in the Declaration of Helsinki. Each participant gave written informed consent before the experiments. Practice trials were conducted to familiarize the observers with experimental procedures. The results of practice trials were not included in the data analysis.
5. Experiment 1: the boundary effect and spatial extent of a non-retinotopic reference-frame
Methods
To test the spatial extent of non-retinotopic reference frames near the boundary of inducing objects, we varied the distance of a dot with respect to the Ternus-Pikler disks. Stimulus design and the corresponding perceived motion for Experiment 1 are depicted in Fig. 3 . Center-to-center separation between the disks was fixed at 88.2 0 . Disk and dot radii were also fixed at 23.79 0 and 3.39 0 , respectively. The center-to-center distance between the black dot and the central Ternus-Pikler disc, however, was varied in the range, from 19.8 0 to 40.74 0 . In addition to the element (Video-4) and group (Video-5) motion conditions, two control conditions were included: (i) In the no-motion control condition (Fig. 3C ), the outer disk/dot elements in each frame were omitted (Video-6). (ii) In the no-reference control condition, dots were displayed in the absence of disks (Video-7). The no-reference condition was included in the study to ensure that the perception of dot rotation is in fact due to the reference Ternus-Pikler disks, and to eliminate the possibility that perception of rotation could be the result of a motion cue in the dots themselves.
Four naïve observers (ages 24-39) in a 2-AFC method reported the perceived direction of dot rotation (clockwise or counter-clockwise). In four experimental blocks, we collected data for each of the four Disk-Dot distances shown in Fig. 3 . Order of presenting the blocks within the experiment was randomized from subject to subject. Each block of the experiment included 200 trials. The trials were randomized with respect to experiment condition (motion or no-motion), ISI value (210 or 0 ms), starting position of the Ternus-Pikler motion (left or right), starting position of the target dot (top, left, right, or bottom), and the direction of dot rotation (clockwise or counter-clockwise). Each session started with the subject pressing a key on the joystick. Four display frames of 90 ms duration separated by blank frames of the appropriate ISI duration were presented in a sequence. The program then waited for the subject response, which in turn signaled the start of the next trial. Subjects were allowed to pace themselves and to take brief breaks before reporting their response. Longer rest breaks were given in between experimental blocks. The data for the no-reference control condition were collected in four independent blocks of 60 trials each. Fig. 4 shows performance as a function of dot-disk separation for the different experimental conditions. Two-way repeated-measures ANOVA indicates that experimental condition (F 3,9 = 219.7; p < 0.001; g p 2 = 0.98), but not dot-disk separation (F 3,9 = 3.2; p = 0.167; g p 2 = 0.52), has a significant effect on performance. When group motion condition is removed from analysis, experimental condition ceases to be significant (F 2,6 = 3.5; p = 0.157; g p 2 = 0.54). In fact, while performance is about 80% correct in the case of group motion, it is near chance for all other conditions. Using a paired t-test comparing performance to 50% chance-level, we obtained the following results: (i) element motion experiment condition (t 11 = 0.588; p = 0.567); (ii) no-motion control condition with ISI = 210 (t 11 = 0.580; p = 0.573); (iii) no-motion control condition with ISI = 0 (t 11 = À1.336; p = 0.208); (iv) no-reference control condition ISI = 0 (t 11 = 0.493; p = 0.625); and (v) no-reference control condition ISI = 210 (t 11 = 1.743; p = 0.091).
Results

Discussion
In agreement with earlier findings (Boi et al., 2009 ), our results indicate that dot rotation is perceived only when the reference disks are perceived to be moving as a group. Furthermore, once perception of group motion is established, within the range tested in this experiment, subject performance in reporting direction of dot rotation remains independent of dot location (inside or outside the reference disk) and the disk-dot separation. The vertical dashed line indicates the location of the Ternus-Pikler disk boundary. The data point to its left corresponds to the case where the dot is inside the disk, while the other data points correspond to cases where the dot is outside the Ternus-Pikler disk. Also note that the maximum To bind features together, a master map operates on the feature maps. If, for example, a green, horizontal line has to be searched for, the master map ''checks'' whether there is a ''green'' entry in the color map and a ''horizontal'' entry in the orientation map at the same retinotopic location in each map. (b) On each square and the central disk, a different search display was presented. The squares and the disk were shifted by one inter-element spacing back and forth. Five observers searched for a green, horizontal line in the central disk. Because of group motion and the corresponding non-retinotopic integration, search is quite accurate in the group motion condition (see (d)). (c) When the outer squares are omitted, group motion is obliterated and ''integration'' is retinotopic. This creates strong masking effects because different search displays alternate at each retinotopic location. (d) Results. Accuracy is higher and reaction times are faster for the group motion condition compared to the no motion condition. (e) There are virtually no (horizontal) eye movements during visual search when group motion is perceived. From Boi et al. (2009) . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) separation of 40.74 0 places the dot near the half-way point between two neighboring Ternus-Pikler disks. At the maximum separation tested in this experiment, the range over which non-retinotopic reference-frame effect remains constant is 12 times the radius of the dot and 1.7 times the radius of the disk. In order to investigate further the ratio of separation to inducing-element-size, we varied in the next experiment the size of the Ternus-Pikler elements.
6. Experiment 2: effects of inducing element size on referenceframe strength
Methods
The stimulus design and methods were similar to those of Experiment 1. In order to study dependence of non-retinotopic reference-frame strength on the spatial size of inducing elements, the reference-disk size was varied and percent correct perceived dot rotation (clockwise/counter-clockwise) was measured. Dot radius and disk-dot center-to-center separation were fixed respectively at 3.39 0 and 67.86 0 , while the radius size of the reference-disks was varied in the range from 6.78 0 to 30.63 0 . Four naïve observers (ages 22-24) reported the perceived direction of dot rotation in a 2-AFC method. Three of the observers were chosen from the subject population of Experiment 1. The experimental blocks and randomization of trials were identical to those of Experiment 1, with the exception of elimination of the no-reference control condition. When group motion condition is removed from the analysis, experimental condition ceases to be significant (F 2,6 = 3.0; p = 0.174; g p 2 = 0.50). Performance is above 80% correct in the case of group motion, while it is near chance for all other conditions. Using a paired t-test comparing performance to 50% chance-level, we obtained the following results: (i) element motion experiment condition (t 11 = À1.137; p = 0.279); (ii) no-motion control condition with ISI = 210 (t 11 = À1.355; p = 0.202); and iii) No-motion control condition with ISI = 0 (t 11 = 0.212; p = 0.835).
Results
Discussion
The results indicate that the strength of dot rotation perception in the neighborhood of the reference frame is independent of the reference-disk size. Note that in the case of minimal disk size (6.78 0 ), the disks are perceived to be slightly larger than the dot. Nonetheless, the perception of dot rotation remains strong, so long as group motion is maintained between the reference disks. In relative terms, the constancy of the reference frame effect extends to dot-disk separation to disk-radius ratios as large as 20. In the absence of group motion, however, there is no dot rotation No reference control: all reference disks were removed from the display, dot placement identical to (A) and (B). In Experiment 1, the center-tocenter distance between the target dot and the reference Ternus-Pikler disk was varied, placing the dot inside or outside the reference disk at different separations. In Experiment 2, the target dot was placed outside the reference disk at a fixed distance of 67.86', and the size of the reference disk was varied. Subjects were asked to report the perceived direction of rotation for the target dot. The data point to its left corresponds to the case where the dot is inside the disk, while the other data points correspond to cases where the dot is outside the Ternus-Pikler disks. Subjects perform well above chance level when the reference disks are perceived to be moving as a group, but near chance level for all other experimental conditions. The dot-disk separation has no significant effect on performance. Error bars correspond to ±1 SEM. perception ceases. In summary, variations in spatial dimensions of dynamic objects constituting the reference frame have no significant effect on the strength of motion induced in neighboring targets.
Taken together, the results of Experiments 1 and 2 suggest that the motion of the reference elements creates a reference-frame effect that extends uniformly across a substantial spatial range. In the next experiment, we investigated how reference frames interact over space.
Experiment 3: interactions between reference frames moving in opposite directions
Methods
In order to study the interactions between non-retinotopic reference frames in a multi-reference environment, we added a set of square objects to act as a secondary reference in our experimental paradigm (Fig. 6 ). Different shapes (disks of 27 0 radius and squares of 54 0 sides) were designated so that elements belonging to the two reference frames remain perceptually different from one another. The dot radius and the disk-dot center-to-center distance were fixed at 4.5 0 and 53 0 respectively. Two different conditions were examined. In the static condition, a set of four stationary squares were displayed above the Ternus-Pikler reference disks (Video-8). The stationary squares appeared on the screen before the first trial and remained visible throughout the experiment. In the dynamic condition, two Ternus-Pikler stimuli, one composed of disks and one composed of squares, were displayed simultaneously. The two Ternus-Pikler displays moved in opposite direction with respect to each other, so as to create reference fields of opposite direction (Video-9). The center to center distance between the squares and the disks was varied in the range from 67.86 0 to 300 0 , for both static and dynamic neighborhood conditions. In a 2-AFC method, one of the authors and four naïve observers (ages 24-36) reported the perceived direction of dot rotation. Three of the naïve observers were chosen from the subject population of Experiment 2. Data were collected in eight blocks (four blocks for the static and four blocks for the dynamic neighbor condition), each of which consisted of 150 trials. Since subject performance in Experiment 1 was at chance for the no-reference control condition even in the absence of an opposing neighboring field, we eliminated the no-reference control condition from Experiment 3. By analogy, the no-motion control condition for ISI = 0 ms was removed, and the no-motion control condition was included for ISI = 210 ms only. Fig. 7 shows performance as a function of the vertical distance between the two neighboring reference frames. Two-way repeated-measures ANOVA indicates that the effect of experimental condition on performance is significant (F 3,12 = 53.6; p < 0.001; g p 2 = 0.93). While the overall effect of distance is insignificant (F 3,12 = 3.2; p = 0.088; g p 2 = 0.44)., there is a significant interaction between the reference distance and experimental condition (F 9,36 = 4.2; p = 0.004; g p 2 = 0.69). Furthermore, one-way ANOVA shows that the distance between the neighboring squares and the Ternus-Pikler reference disks in fact has a significant effect on performance in the dynamic neighbor experiment condition (F 3,12 = 17.3; p < 0.001; g p 2 = 0.81), but not in the static neighbor condition (F 3,12 = 0.1; p = 0.878; g p 2 = 0.02).
Results
Discussion
The presence of an opposing dynamic reference-frame in the neighborhood of the original reference frame interfered significantly with perception of dot rotation. The magnitude of this interference is a decreasing function of the distance of the neighboring reference (squares) from the main Ternus-Pikler reference (disks). A static neighboring reference-frame, on the other hand, had no significant effect on the perception of dot rotation, even when the dot fell inside the neighboring static objects. These findings indicate that it is in fact the motion of the neighboring squares, and not the squares themselves that serves as a reference frame, capable of interfering with the original field created by the moving disks.
Experiment 4: interactions between reference frames moving in the same direction
In Experiment 3, we analyzed the nature of interference between the two dynamic reference frames moving at the same speed, but in the opposite direction. In this experiment, we investigated the interactions of two reference frames moving in the same direction with the same speed.
Methods
The stimulus used in Experiment 4 was similar to that of the dynamic multi-reference case of Experiment 3, with the exception of the direction of motion for the neighboring reference. The three square elements of the neighboring reference were aligned and synchronized with the disks of the original reference to produce two Ternus-Pikler reference frames with identical motion (See Fig. 8) . The center-to-center vertical distance between the two neighboring reference frames was varied in the range of 67.86 0 to 300 0 . Observers were asked once again to maintain fixation at the center of the display screen, and to report the perceived direction of dot rotation. The same 5 observers of Experiment 3 participated. Our informal examination of the stimuli indicated that when the reference frames are perceived to be in element motion, performance remained near chance, as observed in Experiments 1, 2, and 3. Consequently, only the group-motion condition for the Ternus-Pikler disks was examined in this experiment. In four blocks of 100 trials each, subjects were presented with the stimulus in a similar procedure as described in the previous experiments. percentage of correct responses of detecting the direction of dot rotation, plotted against the disk radius size (Arcminutes). Performance is well above chance level when the reference disks are perceived to be moving as a group, but near chance level for all other experimental conditions. The disk radius has no significant effect on performance. Error bars correspond to ±1 SEM.
Results
Results are plotted in Fig. 9 . Paired two-sample t-test comparison of performance means, between the same direction neighbor condition of Experiment 4 and the static neighbor condition of Experiment 3, reveals that the presence of a neighboring reference frame which moves in the same direction as that of the primary reference improves subject performance significantly (t 11 = 18.11; p < 0.001; d = 1.96).
Discussion
The facilitatory effect of an iso-direction neighboring reference on performance supports the existence of an additive property for non-retinotopic motion fields. These findings are in agreement with those of Experiment 3, where the presence of an opposite direction non-retinotopic motion field had an inhibitory effect.
Experiment 5: effects of attention on non-retinotopic processing
In the previous experiments, observers were asked to focus their attention on the Ternus-Pikler disks. In our informal observations of the stimuli presented for long durations, we noticed that the allocation of attention to other parts of the display could alter the percepts. In addition, allocation of attention has been found to influence the likelihood of perceiving group motion in TernusPikler displays (Aydin, Herzog, & Ogmen, 2011b) . Since formation and maintenance of non-retinotopic reference frames depend critically on the perception of group motion among the elements of the Ternus-Pikler reference, we hypothesized that diversion of attention in our experiment should influence the strength of non-retinotopic reference-frame effect. In Experiment 5, we studied the role of attention on non-retinotopic reference frames.
Methods
The stimulus used in Experiment 5 was identical to that of the static multi-reference case of Experiment 3. In order to study the Fig. 7 . Experiment 3. Percent correct for 5 observers, plotted against the center-tocenter distance between the disks and squares. Performance for both static and dynamic neighbors is near chance in the absence of group motion. Once group motion is established between Ternus-Pikler disks, subject performance improves. In the case of static neighbor, subject performance remains well above 80%, regardless of the corresponding distance between the neighboring squares and the disks. In the case of dynamic neighbor, however, performance decreases as the distance between the disks and squares is reduced. Error bars correspond to ±1 SEM. effects of attention on reference frame strength, participants were instructed to focus their attention on the two central elements in the presented set of four static squares. The task was to report the perceived direction of dot rotation. Fixation was maintained at the center of the display screen. Once again, the center-to-center vertical distance between the neighboring squares and the Ternus-Pikler reference disks was varied in the range of 67.86 0 -300 0 , and subject performance was measured. Subject population was composed of the same four individuals that took part in Experiments 3 and 4. With subjects attending the neighboring static reference, responses were collected in four blocks of 100 trials each, in accordance with procedures discussed in the previous experiments. 
Results
Discussion
The results of Experiment 5 indicate that diversion of attention from the main reference significantly attenuates the strength of motion-based non-retinotopic reference frames. These findings emphasize the role of top-down perceptual processes in the establishment and maintenance of non-retinotopic reference frames, and support earlier reports (Aydin, Herzog, & Ogmen, 2011b) on the significant role of attention in modulation of spatio-temporal grouping. Aydin, Herzog, & Ogmen (2011b) showed that diverting attention away from Ternus-Pikler elements reduces the probability of group motion percept. Since establishment and maintenance of non-retinotopic reference frames depend on the perception of group motion, diverting attention away from the Ternus-Pikler disks (to the static neighboring squares) reduces the strength of the reference frame induced by the Ternus-Pikler elements. Moreover, it was sufficient to divert attention at the closest distance to reduce the effect, and spreading attention further away in space did not cause any additional drop in performance.
General discussion
The human brain uses a variety of reference frames according to the different tasks it performs. For example, a body-centered reference frame is especially useful in coordinating the interactions of the body and limbs with respect to the environment. A body-centered reference-frame can guide reaching movements since the variable of interest is the position of the selected target with respect to the hand. A retinotopic reference-frame can effectively produce an error signal to move or to keep the fovea on a 0 radius and squares of 54 0 sides) were chosen so that elements belonging to the two reference frames remained perceptually different from one another. Three neighboring squares moved in a similar pattern and in the same direction as the Ternus-Pikler disks. All other parameters were identical to those of Experiment 3. The distance between the static neighboring set and the Ternus-Pikler reference was varied in the range of 67.86 0 -300 0 . Note that at the minimal separation between the disks and squares, the target dot (4.5 0 radius) falls inside the boundaries of one of the neighboring squares. Fig. 9 . Experiment 4. Percentage of correct responses in detecting the direction of dot rotation, averaged across observers (N = 4) and plotted against the center-tocenter distance between the two neighboring Ternus-Pikler references (disks and squares). When both sets are perceived to be in group motion, performance remains above 90% regardless of the inter-reference distance. When the Ternus-Pikler disks are in no-motion control condition, however, performance depends on the distance between the two reference frames. Error bars correspond to ±1 SEM. selected target. These types of reference frames, which are relative to the observer, are called egocentric (viewer-centered) reference frames. Coordination between different senses or between perception and action require coordination between these respective reference frames. In early stages of cognitive development, the child's universe is built mainly around egocentric reference-frames; however, later in development, the child undergoes a ''decentering'' process whereby exocentric (allocentric) reference frames lead to a conceptualization of a world independent of the self (Montangero & Maurice-Neville, 1994; Piaget & Inhelder, 1969) . Exocentric reference-frames are those that are relative to entities outside of the observer. Since in our study the observer is stationary with respect to the stimulus, the non-retinotopic effects that we observe can be attributed to an exocentric reference-frame. Exocentric reference-frames play a significant role in computations that determine observer-independent properties of stimuli, such as view-point invariant recognition of objects. Two commonly evoked exocentric reference frames are spatiotopic and object-based reference frames. The former refers to a reference frame fixed at a given location in space and thus remains stationary with respect to the space surrounding the observer. The latter refers to a reference frame fixed on an object. When the object is stationary, object-based and spatiotopic reference frames become equivalent. However, when the object moves, the reference frame is no longer stationary in space but moves with the object. Since in our experiments observers remained stationary with respect to the environment, the effects that we observe cannot be explained by spatiotopic reference frames.
Does an object-based reference frame constitute an appropriate way to describe our findings? The term ''object'', although intuitively appealing, is rather vague in its definition (Avrahami, 1999; Egly, Driver, & Rafal, 1994; Feldman, 1999; Humphreys & Riddoch, 2007; Kasai, Moriya, & Hirano, 2011; Marino & Scholl, 2005; Marr, 1982; Scholl, Pylyshyn, & Feldman, 2001) . Considering the commonly suggested constraints of closure and connectedness to define objects, we suggest that the reference frame revealed by our studies can be better described in terms of a ''field'' rather than an object. We use the term field in a similar way to its use in Gestalt psychology, which in turn is an adaptation of the field concept from physics (Koffka, 1935) . From a more modern perspective, the field effect can be expressed as curvature of perceptual space-time (cf., gravity lens theory for a static version; (Greene, 1998; Naito & Cole, 1994) . The traditional definition of object (closure and connectivity) would suggest interactions via a direct physical mediator (e.g., movement of the torso inducing the movement of the limb) while the field concept allows to explain how effects can spread over space without requiring physical contact or connectivity.
In this study, by using motion perception as an example, we examined how an exocentric reference frame exerts its influence on probe stimuli. Our results show that the effect of the reference frame is independent of the size and the boundary of the inducing elements. Whether the probe stimuli (dots) were placed inside or outside of the disks had no effect. Similarly, when a second static reference frame was introduced (Experiment 3), whether or not the probe dot fell inside the elements of this second reference frame had no influence on our results. Thus placing the dot inside the putative reference object and making it part of that object versus placing it outside without a connection had no effect. Similarly, placing the dot inside another object (the square) had no effect either. Furthermore, the proximity of the dot to the luminance defined boundary of the inducing object had no effect within the tested range. Thus the effect of the reference frame near the boundary spreads uniformly (within the tested range) over space as a field, influencing other stimuli presented within this field. The results of Experiment 4, however, indicate that the magnitude of interaction between the fields of two neighboring reference frames with opposite velocities attenuates as their relative spatial distance increases. This finding can be taken as evidence for the dependence of field strength on distance, over longer ranges. In fact, using smooth continuous motion that allowed the probing of larger distances, we obtained distance-dependent drop in the reference frame effect . Our results also indicate that interactions between reference frames occur only when they are in motion; suggesting that the fields generated by the reference frames are motion-based. The significant effect of endogenous attention on the strength of the reference frame field supports the hypothesis that top-down processes are involved in formation and maintenance of non-retinotopic reference frames. Fig. 11 summarizes our findings. Unlike object-based theories, we do not assume that an object is processed and recognized first to establish a reference frame. Rather, a quick computation of motion establishes dynamic reference frames that extend in space irrespective of boundary or size of stimuli that generate the motion vectors. At each point in space, multiple reference frames interact to produce a net reference frame against which other stimuli are perceived. These interactions can be agonistic or antagonistic depending on motion directions. Static stimuli are those with null motion vectors and thus do not interact with other reference frame fields. We suggest that these dynamic reference-frames constitute the foundation of non-retinotopic processes that allow the brain to compute representations that are invariant to ego-and exo-motion. Fig. 11 . Non-retinotopic field effect: (A) the effect of a non-retinotopic reference frame extends over space, creating a field within which target stimuli are localized and perceived relative to the reference frame. (B) In a multi-reference environment, the perception of target features is influenced by the net effect of all reference fields acting on that target. In this case, motion vectors V1 and V2 have equal magnitudes and opposite directions, resulting in a null net effect on the probe.
